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Abstract
Distortion in magnetic resonance images needs to be taken into account for the purposes of radiotherapy
treatment planning (RTP). A commercial MRI grid phantom was scanned on 4 different MRI scanners with
multiple sequences to assess variations in the geometric distortion. The distortions present across the
field of view were then determined. The effect of varying bandwidth on image distortion and signal to
noise was also investigated. Distortion maps were created and these were compared to the location of
patient anatomy within the scanner bore to estimate the magnitude and distribution of distortions located
within specific clinical regions. Distortion magnitude and patterns varied between MRI sequence
protocols and scanners. The magnitude of the distortions increased with increasing distance from the
isocentre of the scanner within a 2D imaging plane. Average distortion across the phantom generally
remained below 2.0 mm, although towards the edge of the phantom for a turbo spin echo sequence, the
distortion increased to a maximum value of 4.1 mm. Application of correction algorithms supplied by
each vendor reduced but did not completely remove distortions. Increasing the bandwidth of the
acquisition sequence decreased the amount of distortion at the expense of a reduction in signal-to-noise
ratio (SNR) of 13.5 across measured bandwidths. Imaging protocol parameters including bandwidth, slice
thickness and phase encoding direction, should be noted for distortion investigations in RTP since each
can influence the distortion. The magnitude of distortion varies across different clinical sites.
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Abstract:

Distortion in magnetic resonance images needs to be taken into account for the purposes of radiotherapy
treatment planning (RTP). A commercial MRI grid phantom was scanned on 4 different MRI scanners with
multiple sequences to assess variations in the geometric distortion. The distortions present across the field of
view were then determined. The effect of varying bandwidth on image distortion and signal to noise was also
investigated. Distortion maps were created and these were compared to the location of patient anatomy within
the scanner bore to estimate the magnitude and distribution of distortions located within specific clinical
regions. Distortion magnitude and patterns varied between MRI sequence protocols and scanners. The
magnitude of the distortions increased with increasing distance from the isocentre of the scanner within a 2D
imaging plane. Average distortion across the phantom generally remained below 2.0 mm, although towards the
edge of the phantom for a turbo spin echo sequence, the distortion increased to a maximum value of 4.1 mm.
Application of correction algorithms supplied by each vendor reduced but did not completely remove
distortions. Increasing the bandwidth of the acquisition sequence decreased the amount of distortion at the
expense of a reduction in signal-to-noise ratio (SNR) of 13.5 across measured bandwidths. Imaging protocol
parameters including bandwidth, slice thickness and phase encoding direction, should be noted for distortion
investigations in RTP since each can influence the distortion. The magnitude of distortion varies across different
clinical sites.
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I. INTRODUCTION

There is a growing interest in utilising MRI for radiotherapy treatment planning (RTP). One of the
main reasons for this is the superior soft tissue information that MRI can provide, improving the differentiation
between various soft tissue structures and increased accuracy in volume delineation [1,2]. One of the potential
issues in the radiotherapy community impacting on the more widespread uptake of MRI for RTP is geometric
distortion within the image [3]. Changing the geometric integrity of the patient anatomy has the potential to
affect the precision of beam targeting and dose calculations within radiotherapy treatment planning systems.
This has the potential to result in variations in clinical outcomes. These distortions are caused by both system
specific and patient related factors.
System specific distortions result from variations in the homogeneity of the main magnetic field (Bo)
and the nonlinearities of the gradient coils within the scanner. The effects resulting from these intrinsic scanner
components alone are reproducible for the same scan protocols, whilst varying between scanners due to
variations in system specifications and performance [4].
The gradient coils allow for the localisation of a signal from within the body, enabling the anatomy to
be visualised. Images are constructed on the premise that these gradients are linear and there is a homogeneous
main magnetic field (B0). In modern scanners there is a trade-off in gradient linearity to allow for utilisation of
fast imaging sequences and stronger gradient strengths. Whilst such advances can reduce the effects of patient
movement and increase patient comfort, the geometric distortions may be greater due to these gradient
nonlinearities. This causes a mismapping of pixels, affecting the geometrical integrity of the resulting image.
General specifications for scanner body gradient coils are that the gradient error should be less than 2% the
gradient strength over a 40 cm diameter of spherical volume (DSV)[5]. Performance specifications of additional
gradient coil inserts are characteristically less than this, which can lead to increased nonlinearity effects [5].
Altering parameters in the image protocol alters the dependence of the acquisition on the gradient coils and the
main magnetic field, altering the distortion present in the image, based on the imperfections in these features.
There have been a number of different methods proposed for dealing with nonlinear gradient
distortions for use in RTP. Many of these methods are based on obtaining phantom images with a known
geometry and comparing the apparent position of structures within the MR image to the known point locations
to create a distortion map across the field of view (FOV) [6-10]. After this, post-processing can be conducted in
order to correct for the distortion based on these maps with the aim to reduce distortions below 2 mm.
Distortions above 2 mm may need to be corrected for to ensure accurate radiotherapy treatment [11,8]. Any
residual distortions would need to be considered when determining planning volumes to ensure that the target
volume is covered [12]. This would depend on the location of the anatomical site and the magnitude of the
distortions observed within that region of the scanner.
A more theoretical approach can be utilised by applying spherical harmonic deconvolution methods to
correct for distortions within a specific device’s FOV [13]. This method is the basis for the correction
algorithms utilised on some commercial scanners and also includes a density correction for intensity variations
caused by these distortions [11].
The homogeneity of the scanners B0 field is another system property which can alter the distortion
present in images. Main field homogeneity is measured in parts per million (ppm) over a DSV extending out
from the scanner isocentre. Homogeneity values for current scanners are nominally 1.1 ppm across a 50 cm
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DSV. For a 1.5 T scanner, this corresponds to a frequency offset of 70.2 Hz. Such homogeneity variations can
create discrepancies in signal location and manifest as image intensity variations and distortions within the
image.
While distortions are unwanted in any image, their impact is dependent on how the images are utilised.
This paper evaluates geometrical inaccuracy with respect to the application of images for RTP purposes.
Previous studies of MRI distortion investigating the use of MRI for radiotherapy for a number of anatomical
sites have focused on one specific acquisition sequence [14,4,15,6,16,8,7,9,17]. These studies were also focused
on anatomical locations which would be placed close to the centre of the scanner such as the prostate [2,16,8],
head and neck [11,18,19] as well as stereotactic radiosurgery applications [20].
In this study, images of a test phantom were obtained in one imaging plane using a number of different
clinical MRI protocols with varying selection parameters. Four MRI scanners from different centres were
investigated. Differences in the magnitude and direction of the distortion between scanners and imaging
protocols were assessed. This data was then compared to the location of anatomical sites which may be of
interest when considering the use of MRI in RTP. This study also investigated the effects of varying bandwidth
on distortion and SNR. By acquiring images at two different bandwidths it was also possible to estimate the
homogeneity using the method described by Chen et al. [21]. This study only considered distortions from
systematic factors. Patient related distortions were not addressed in this study.

II. MATERIALS AND METHODS

II.A. Phantom

To determine the distortion magnitude and pattern, MRIs of a FLUKE Biomedical phantom were
acquired (Fig. 1). This commercially developed phantom conforms to the specifications as outlined in the
AAPM nuclear magnetic resonance task group number 1 [22]. It is designed to enable the testing of uniformity
and linearity of MRI scanners. The acrylic phantom has outer dimensions of 330 mm x 330 mm x 102 mm, with
the grid region of dimensions 277 mm x 277 mm x 25 mm. Contained within this were 397 cylindrical grid
points in a 20 x 20 2D grid layout, with three points removed for consistent orientation and alignment. The
spacing between the axial centres of each grid point is approximately 15 mm, with each grid point having a
diameter of 12 mm. The grid points were created by systematically placed holes milled into the acrylic structure.
The holes were filled with saline to create the proton based signal detected by the MRI scanner. The centre of
the phantom was aligned in the horizontal direction to the centre of the scanner. The vertical position of the
phantom was determined by the fixed couch height of each scanner.
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Fig. 1 From left to right: the phantom used for this study, CT scan of the phantom and a turbo spin echo image
of the phantom

II.B. CT imaging procedure

A CT scan of the phantom was undertaken on a Siemens SOMATOM Sensation scanner. This was
taken to be the ‘gold standard’ scan, assumed to have negligible distortion for determining the grid point
locations. Scan parameters included a FOV of 500 mm, 512 x 512 matrix (spatial resolution 0.98 mm) and a
slice thickness of 2 mm.

II.C. MR imaging procedure

Sequence comparisons

Measurements were made on four clinical MRI scanners, a 60 cm bore Intera Achieva Nova Dual 1.5 T
(Philips Medical Systems, The Netherlands), a 60 cm bore MAGNETOM® Symphony Syngo 1.5 T, a 70 cm
bore MAGNETOM® Verio 3 T and a 70 cm bore MAGNETOM® Skyra 3 T (Siemens Medical Systems,
Erlangen, Germany). A number of sequences were investigated based on their clinical applications for
radiotherapy treatment planning. Table 1 shows the acquisition details for each of these sequences. The
sequences were matched as closely as possible on the different MRI scanners for comparative purposes.
To ensure set-up reproducibility on different scanners, round MRI non-magnetic multi-modality
markers were fixed to the sides of the phantom and the laser system on the scanners used to align these markers
to the scanner isocentre. Analysis of both CT and MR images were conducted on the axial image slice
corresponding to the centre of the scanner and the central region of the phantoms grid structure. To overcome
the issue of the rounded/padded couch, one of two approaches was taken, depending on the scanner.
For the Siemens 3 T Verio and the Philips 1.5 T scanners, the phantom was placed on a flat Styrofoam
board to ensure its stability on the couch. The spine coil was removed on the Siemens 1.5 T Symphony and 3 T
Skyra scanners, allowing for stable placement of the phantom as well as creating better alignment between the
phantom centre and the scanner isocentre. The position of the phantom with respect to the scanner isocentre was
noted so that all distortion measurements could be made with reference to the distance from this point. The
vertical position of the phantom was dependent on the couch height.
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For both the Siemens 3 T scanners, there was an option in the acquisition setup allowing for application
of inbuilt gradient correction algorithms. The 2D algorithms were applied on these scanners, since the phantom
design meant that distortion could only effectively be measured within a 2D imaging plane. For comparative
purposes on the Siemens Verio 3 T scanner, phantom images were also analysed without the application of the
2D gradient correction algorithm. The images were initially acquired with the algorithm turned on. Once all of
the sequences had been acquired and saved, non-corrected images were then obtained through post processing
methods, by deselecting the 2D algorithm option in the control panel and resaving the image sets. The
corresponding changes in distortion between the two modes of acquisition could then be determined.

Table 1 Parameters of the MRI acquisition sequences for which distortion was assessed
Weight
Scanner

Sequence

2D/3D
type

Philips

Spoiled GRE

(1.5T

Spoiled GRE

TR/TE

FOV

(ms)

(mm)

Flip

Slice

Read out

Pixel

angle

thickness

gradient

BW

(o)

(mm)

direction

(Hz/pix)

T1

3D

25/4.6

450 x 450

30

3

Row

131

T1

2D

162.6/4.6

450 x 450

80

3

Column

1818

T1

3D

7.0/4.8

450 x 450

9

4

Column

434

T1

3D

4.3/2.1

450 x 450

9

4

Column

434

T2

2D

1500/120

450 x 450

124

4

Row

355

T2

3D

2000/350.8

450 x 450

120

5

Column

417

TSE

T2

2D

4012.9/100

450 x 450

90

4

Row

191

Siemens

Spoiled GRE

T1

3D

7.2/2.8

450 x 450

20

1.3

Row

175

(1.5T

Spoiled GRE
T1

2D

139/2.32

450 x 450

70

4

Column

390

T2

2D

1890/115

450 x 450

120

4

Row

115

(In/Out of

Intera
a

Achieva)

phase)
Volume
interpolated
GRE (In/Out
of phase)
Volume
interpolated
GRE
Single shot
TSE
3D TSE
(Variable flip
angle)

Symphony
b

Syngo)

(In/Out of
phase)
Single shot
TSE

6

3D TSE

T2

3D

1820/471

420 x 420

120

2.5

Row

125

TSE

T2

2D

4550/127

450 x 450

120

4

Column

85

TSE

T2

2D

4550/127

450 x 450

120

4

Row

85

3D SE

T2

3D

9.4/4.8

420 x 420

20

5

Column

150

Siemens

Spoiled GRE

T1

3D

6.0/2.5

450 x 450

20

1.3

Row

399

(3T Verio)c

Spoiled GRE

T1

2D

167/2.5

420 x 420

70

4

Row

279

T1

3D

4.4/2.5

450 x 365

9

3

Column

679

T1

3D

4.6/2.0

450 x 450

9

2

Row

401

T2

2D

1890/119

450 x 450

120

4

Row

507

T2

3D

1280/90

450 x 450

120

2.5

Row

244

TSE

T2

2D

5030/81

450 x 450

80

4

Row

228

Spoiled GRE

T1

3D

5.7/2.5

340 x 340

20

3

Row

390

Spoiled GRE

T1

2D

90/2.5

340 x 340

70

4

Row

280

T1

3D

4.2/2.4

380 x 368

9

3

Column

675

T1

3D

4.4/2.1

340 x 340

9

2

Row

400

T1

3D

4.4/1.2

380 x 380

9

3

Column

975

T2

2D

900/87

340 x 340

120

3

Row

505

Volume
interpolated
GRE (In/Out
of phase)
Volume
interpolated
GRE
Single shot
TSE
3D TSE
(Variable flip
angle)

Siemens
(3 T
Skyra)d

Volume
interpolated
GRE (In/Out
of phase)
Volume
interpolated
GRE
Volume
interpolated
GRE (Dixon)
Single shot

7

TSE
TSE

T2

2D

4780/81

340 x 340

80

3

Column

230

Abbreviations: GRE = Gradient Echo sequence; SE = Spin echo sequence; TSE = Turbo Spin Echo; TR =
Repetition Time; TE = Echo Time; BW = Bandwidth
a

Maximum gradient strength 66 mT/m, slew rate 160 T/m/s

b

Maximum gradient strength 30 mT/m, slew rate 125 T/m/s

c

Maximum gradient strength 45 mT/m , slew rate 200 T/m/s

d

Maximum gradient strength 45 mT/m, slew rate 200 T/m/s

II.D. Distortion analysis

MATLAB code was developed in-house and implemented to determine the position of each phantom
grid point in the x and y planes. Each image was converted into a binary image by manually altering the
threshold value so that all grid points could be differentiated from each other and any noise present in the image.
The code was designed to calculate the central positions of each of these points. The distortion for each grid
point was expressed as a function of its radial distance from scanner isocentre by comparing the positioning of
the centre of the phantom relative to isocentre. Comparisons of distortion magnitude and patterns from isocentre
were then undertaken for all sequences and scanners. The distortion magnitude was assessed relative to 2 mm.

II.E. Bandwidth Investigation

The effects of changing bandwidth on the distortion and signal to noise ratio (SNR) follow the
relationship displayed in equation 1.

∝

∝

√

(1)

Scans were conducted on the Siemens 1.5 T MAGNETOM® Symphony Syngo scanner, for both visual and
quantitative analysis of this relationship. The acquisition sequence utilised was a standard T1 weighted spin
echo with TE = 30 ms, TR = 500 ms, FOV = 340 x 340 mm, slice thickness = 4 mm and echo train length = 1.
The impact of varying both the bandwidth and the phase encoding direction was assessed. The receiver
bandwidths investigated were 7.7, 25.6, 51.2, 76.8 kHz and 200 kHz with the readout gradient tested both in the
anterior-posterior and right-left directions for each bandwidth value.
The impact on SNR with changing bandwidth was calculated from equation 2.

(2)

.

The signal was calculated for each bandwidth by analysing twenty predetermined grid point regions of interest
(ROI’s) selected across the phantom area. The image noise was also sampled with ROI’s of the same size across
the background of each image.
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II.F. Homogeneity assessment

The homogeneity of the central scanner region was assessed across a range of different areas across the
central imaging plane of the scanner. Comparisons were made between the differences in distortion values for
short to long bandwidth values. This was tested on the Siemens 1.5 T scanner. This was based on the work of
Chen et al., utilising the following for expressing HB [21]:
∙
⁄

∙

∙
∙

(3)

∙

where γ/2 = 42.576 MHz/T for protons, BW1 and BW2 are the bandwidths of the data sets being compared, x1
and x2 are the coordinates in the frequency encoding direction of corresponding grid points for each bandwidth,
B0 is the main magnetic field strength and FOV is the field of view. The values were determined for a number of
circular areas of varying diameters within the imaging plane.

II.G. Anatomical locations

Seven anatomical sites of interest for radiotherapy treatment planning were investigated to determine
their common location with respect to the distance from the centre of both 60 cm and 70 cm bore MRI scanners.
Contoured radiotherapy CT data sets of the breast, lung, oral cavity, larynx, brain stem, prostate and cervix were
obtained for ten patients. In-house MATLAB code was utilised to determine the coordinates of the centre and
extent of each contoured volume in the x and y planes.
The maximum radial distance that each anatomical contour extended from the scanner isocentre was recorded. It
should be noted that the head and neck structures were based on CT scans obtained with the clinical
radiotherapy set up practiced in the department where the region is elevated off the couch top.

III. RESULTS

III.A. Sequence and scanner distortion comparison

Figures 2 and 3 compare the distortion distribution for the different sequences and scanners
investigated. The average distortion of the markers across the phantom area was less than 2 mm for the
sequences tested. An increase in distortions above 2 mm generally occurred as the radial distance from isocentre
extended beyond 100 mm. Due to the variations in bore size, the phantom was located closer to the edge of the
bore, extending further from the isocentre in the 60 cm bore scanners in comparison to the 70 cm. This created a
discrepancy between the maximum radial distances that could be assessed between the scanners.
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Fig. 2 Distortion distribution across the phantom area on the 1.5 T scanners for a. Philips Intera gradient echo
sequences; b. Siemens Syngo gradient echo sequences; c. Philips Intera spin echo sequences; and d. Siemens
Syngo spin echo sequences

Fig. 3 Distortion distribution across the phantom area on the 3 T scanners for a. the Siemens Verio gradient

235

echo sequences (2D correction applied); b. Siemens Skyra gradient echo sequences (2D correction applied); c.
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Siemens Verio spin echo sequences (2D correction applied); and d. Siemens Skyra spin echo sequences (2D
correction applied)

III.B. Bandwidth analysis

Table 2 shows the variation in average and maximum distortion values for the various receiver
bandwidth values and the corresponding readout direction. The SNR for bandwidths between 7.68 kHz to 76.8
kHz ranged from 20 to 6.5, respectively. Bandwidths greater than this were not assessed due to the poor signal
to noise observed in the images. For a bandwidth of 200 kHz, the SNR was reduced to 3.7, preventing the
calculation of grid point locations. The homogeneity of the scanner was less than 0.4 ppm across areas with
diameters ranging from 12 cm to 20 cm. On the 1.5 T scanner, a variation of 0.4 ppm in the magnetic field
strength accounts for a distortion of 0.85 pixels for a bandwidth of 7.68 kHz. In these images, that equates to
1.13 mm distortion. For a receiver bandwidth of 76.8 kHz, this value is reduced to a distortion of 0.08 pixels
(0.11 mm). The ratio between the measured distortion and that calculated to result from the B0 field
inhomogeneity indicates that increasing the receiver bandwidth results in the gradient nonlinearities being the
predominate cause of distortions. When the bandwidth is reduced, the effect of these nonlinearities is reduced to
around that resulting from the inhomogeneities in B0.
Table 2 Comparison of the effects on the distortion values measured across the phantom for variations in the
receiver bandwidth and phase encoding direction
Bandwidth

Phase encode

Average distortion

Maximum distortion

(kHz)

direction

(mm ± SD)

(mm)

7.7

Ant - Post

2.16 ± 1.66

6.33 ± 0.66

7.7

Right - Left

2.21 ± 1.48

5.27 ± 0.66

25.6

Ant - Post

0.80 ± 0.57

3.00 ± 0.66

25.6

Right - Left

0.68 ± 0.45

2.16 ± 0.66

51.2

Ant - Post

0.77 ± 0.44

2.23 ± 0.66

51.2

Right - Left

0.59 ± 0.37

1.96 ± 0.66

76.8

Ant - Post

0.60 ± 0.36

1.93 ± 0.66

76.8

Right - Left

0.60 ± 0.37

1.74 ± 0.66

SNR

20.01

11.29

7.69

6.54

III.C. Vendor 2D corrected vs. non-corrected images

Figure 4 shows the variations observed in changes in distortion magnitude and distribution across the
phantom area with the application of the 2D correction algorithm for both a spin echo and gradient spin echo
sequence. With the correction algorithm, both the average and maximum distortion values were minimised in
some areas but were not completely removed. In some regions of the phantom, the distortion actually became
worse with the 2D correction algorithm applied as opposed to without. Whilst the average distortions across the
phantom area were all reduced to below 1.5 mm with the correction algorithm, the maximum distortions still
remained greater than 2 mm, increasing with increasing distance from the isocentre. The performance of the
correction algorithm with respect to radial distance from the scanner isocentre is highlighted in table 3. Figure 5
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shows a distortion vector map comparing the difference in distortion between the grid point locations as seen
with and without the correction algorithm applied. This shows the algorithm is not required to work as hard at
smaller radial distances where distortions were generally found to be below 2 mm.

Fig. 4 Comparison of the distortion distribution across the phantom area with and without the application of the
2D correction for a. 3D turbo spin echo sequence and; b. 3D spoiled gradient echo sequence
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Fig. 5 Difference between 2D distortion maps of a 2D spoiled gradient echo sequence on a Siemens Verio 3 T
scanner with and without the 2D correction algorithm applied

Table 3 Comparison of the variation in mean and average distortions observed for radial distances above and
below 100 mm from the scanner isocentre
Sequence

Mean distortion (mm)

Maximum distortion (mm)

Below 100 mm

Above 100 mm

Below 100 mm

Above 100 mm

- Corrected

0.53

1.09

1.32

2.81

- Non Corrected

0.47

1.86

1.19

4.41

- Corrected

0.61

1.01

1.68

2.34

- Non Corrected

0.56

2.03

1.37

5.00

3D TSE

3D spoiled GRE

III.D. Anatomical locations

Figure 6 displays the distortion obtained on both Philips and Siemens T2 weighted turbo spin echo
sequences with reference to the determined mean locations of the breast, lung, cervix, prostate and head and
neck structures relative to the isocentre within a 2D axial imaging plane. The length of each represents the
regions where each anatomical feature lies with respect to the centre of the scanner. The breast was the only
anatomical structure investigated where the contour did not pass through the scanner isocentre.
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Fig. 6 The distortion observed from the radial distance from the centre of a. the Philips 1.5 T 60 cm bore
scanner with the TSE sequence and; b. the Siemens 3T 70 cm bore Verio scanner. The blocks indicate the
corresponding position of anatomical sites within the scanner. Note the scale has been extended out to illustrate
where the breast is situated, although distortion measurements were not made beyond a radial distance of 250
mm. NOTE: The height of each box is for display purposes only and does not reflect any information regarding
the distortion values.

IV. DISCUSSION

Each MRI acquisition sequence was demonstrated to be subject to individual distortion patterns as
shown in Figs. 2 and 3. Parameter selection impacts the amount of distortion in an image. Equivalent sequences
conducted on different scanners have varying distortion patterns. This is due to the system hardware design
specification variations between vendors.
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MRI scanners are optimised to exhibit least distortion towards the centre of the scanner, with the
homogeneity and gradient linearity deteriorating with increasing radial distance from the centre. In this study,
the phantom extended closer to the edge of the bore for the 60 cm bore scanners than those with 70 cm bores,
due to the size limitations and fixed couch height. This was one of the reasons for the variations seen in the
maximum distortions observed between the 60 and 70 cm bore scanners, all of which are capable of imaging a
50 x 50 cm FOV. This set up was the same as that used for current radiotherapy treatment planning MRI set up.

Receiver bandwidth is one parameter that effects MR image distortion as shown in table 2. A tenfold
increase in receiver bandwidth saw a reduction in average distortion of more than 1 mm, while maximum
distortions were reduced by more than 3 mm. A tenfold increase in this bandwidth resulted in a reduction in
SNR of 13.5. To overcome this reduction in SNR, the number of excitations during the image acquisition may
need to be increased. This may be a solution for phantom studies however applying this to the acquisition of
patient images may not be practical with a resulting increase in total scan time and associated increase in motion
artifacts. While smaller receiver bandwidth values result in better SNR, higher bandwidths result in less
geometric distortion.

The homogeneity values obtained were based on the calculation method from Chen et al. [21]. The HB
value calculated of < 0.4 ppm across the scanner is consistent with the scanner specifications, which state the
homogeneity across a 40 cm DSV is 0.4 ppm with a field stability of < 0.1 ppm/hour. One of the assumptions
made in the calculations however, is that the gradients are linear, which is not the case particularly as the DSV
increases.

For treatment planning purposes, vendor correction algorithms for gradient nonlinearities should be
utilised on scanners with such capabilities in order to take advantage of their inbuilt distortion reduction
software. Figures 4 and 5 show the difference in distortion values for images acquired with and without the
correction algorithms applied, across the phantom area. It can be observed that in some regions both the
magnitude and direction of the distortion is altered with the application of the correction algorithm, though the
distortions were not completely removed.

One of the limitations of this study was the phantom utilised due to its shape and size. Firstly, because
of the square shape within the cylindrical bore, there was a large region of the scanner, where distortion
information could not be assessed. Since some patient anatomy (e.g. breast) may lie beyond this point, the
phantom was insufficient for complete distortion analysis for RTP purposes. Secondly, the 2D grid structure
only allowed for distortion assessment in one imaging plane. On scanners with distortion correction capabilities,
the 2D correction algorithm was applied. Due to the phantoms structure, application of a 3D correction
algorithm provided no additional benefit in terms of distortion reduction within the imaging region. The
phantom was not rotated within the scanner to obtain 2D distortion data within other imaging planes.

A phantom for testing geometric distortion and field homogeneity would ideally consist of a number of
points isolated in known positions in all three image planes, extending out over the entire FOV. This would be
more representative of the regions within which the overall patient outline and anatomical regions of interest for
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RTP would be located. Assessment of patient specific distortions (which have not been investigated in this
study) would require the testing of additional anthropomorphic phantoms or patient data sets to determine the
consequential variations in the local magnetic field values.

The variation in distortion distribution for clinical imaging sequences as observed in Figs. 2 and 3,
demonstrates the importance of knowing the scanner specifications and the protocols used in the imaging
process for use in RTP. Considerations should be made as to the possible affect that this may have on
contouring uncertainties and dosimetric variations. In a clinical setting, these acquisition parameters are readily
changeable in order to obtain an image of required quality for the purposes of planning, however the trade-offs
between SNR and distortion values need to be considered. It was assumed for each acquisition sequence, with
the same setup that the distortion values were reproducible [23].

The distortion maps in Figs. 2 and 3 can be compared to the position within which various clinical sites
lie with respect to the centre of the scanner (Fig. 6). Since distortions are largest in the peripheral regions of the
scanner, the impact on RTP may be of greater importance for anatomical structures situated in this region. Based
on anatomical positioning within the scanner, treatment planning for the lung and breast clinical sites using MR
images would have the largest distortion values to be considered. The distortions present in head and neck
images would need to be considered, since the oral cavity may be a target volume or organ at risk. Patient
contours are fundamental in the treatment planning process for the dose calculations. As such the extent of the
patient within the scanner needs consideration. For breast patients, the breast contours also mark the extent of
the patient contour. For the prostate and cervix, the overall patient contour can extend beyond a radial distance
of 200 mm. For head and neck sites, the region of interest for the patient contour is reduced to below a radial
distance of 150 mm from isocentre.

While MRI can be co-registered to the planning CT and incorporated in the RTP workflow [24], there
is widespread interest in performing MR-only planning. MRI-only planning has the potential to decrease the
ionising radiation exposure to the patient and, if both modalities are being utilised, the patient scan time.
Additionally, CT-MRI registration may also introduce errors into the treatment planning process. Assessment of
the geometric distortion is one important aspect to investigate when considering the use of MRI alone for
planning, to ensure that the planning process and eventual treatment are accurate.

A number of points can be drawn for practical application for radiotherapy treatment planning from
this study. The distortion and image quality of MRIs depends on parameter selection in the acquisition of the
images and the specific scanner considered. As such the systematic related distortions should be measured for
each sequence. Distortion variations across the imaging FOV results in clinical RTP sites experiencing varying
degrees of distortion. The impact of this should be assessed on a site by site basis, being mindful of the
acquisition sequences and associated parameters utilised.

V. CONCLUSION
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This work provides a baseline assessment of variations in magnitude and distribution of systematic
distortions present in MR images, comparing sequences and MRI scanners. These variations are due to the
parameters utilised in the acquisition process. Selection of imaging protocol parameters is fundamental in any
distortion investigation, particularly when considering the use of RTP planning with MRI alone. Depending on
the clinical site of interest, the magnitude of distortions varies such that sites specific assessment of the possible
clinical impact and potential correction of the distortions can be appropriately assessed.
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